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We provide a systematic characterization of the nanosecond groundstate lactam-lactim tautomerization of pyridone derivatives in aqueous solution under ambient conditions using temperature-jump transient 2D IR spectroscopy. Although electronic excited-state tautomerization has been widely studied, experimental work on the ground electronic state, most relevant to chemistry and biology, is lacking. Using 2D IR spectroscopy, lactam and lactim tautomers of 6-chloro-2-pyridone and 2-chloro-4-pyridone are unambiguously identified by their unique cross-peak patterns. Monitoring the correlated exponential relaxation of these signals in response to a laser temperature jump provides a direct measurement of the nanosecond tautomerization kinetics. By studying the temperature, concentration, solvent, and pH dependence, we extract a thermodynamic and kinetic characterization and conclude that the tautomerization proceeds through a two-state concerted mechanism. We find that the intramolecular proton transfer is mediated by bridging water molecules and the reaction barrier is dictated by the release of a proton from pyridone, as would be expected for an efficient Grothusstype proton transfer mechanism.
keto-enol tautomerism | multidimensional | time-resolved spectroscopy | ultrafast T automerism of aromatic heterocycles has been extensively studied owing to its importance in biochemical processes such as enzyme catalysis (1), ligand binding (2) , and spontaneous mutagenesis (3) . To characterize the tautomeric equilibria, researchers have used techniques such as UV absorption (4), circular dichroism (5), X-ray crystallography (3), NMR (6) , Raman (7) , and IR absorption spectroscopy (8) . However, these methods face several challenges to characterizing thermodynamic and kinetic data for tautomeric equilibria and exchange processes. For example, electronic spectra are broad and featureless, which complicates spectral interpretation, particularly for systems with multiple tautomers. Although NMR provides excellent structural resolution, it can only directly monitor chemical exchange in real time on millisecond and longer time scales, rather than the picosecond to nanosecond time scales expected for proton transfer under physiological conditions. From the theoretical point of view, quantum mechanical calculations have been performed extensively to characterize the relative stability of tautomeric systems, their activation barriers, and the reaction mechanisms (9, 10) ; nevertheless, experimental validation of these predictions is scarce. To provide a characterization under ambient aqueous conditions, we need a technique with both the structural sensitivity to unambiguously identify various tautomers and the time resolution to probe the rapid proton transfer dynamics. To this end, we demonstrate the capability of 2D IR spectroscopy coupled with a nanosecond temperature-jump (Tjump) laser to reveal the nonequilibrium lactam-lactim tautomerization kinetics of pyridone derivatives.
Time-resolved studies of tautomerism have a long and storied history. In the 1960s, Manfred Eigen pioneered the T-jump relaxation method using rapid electrical heating in electrolyte solutions to trigger fast chemical reactions, such as the recombination of the enolate ion with H + to form either a keto or enol tautomer (11) . Others have since used a similar approach, using a T-jump monitored by UV absorption, to study tautomerism of small molecules on the microsecond time scale (12) (13) (14) . These groundbreaking experiments provided the early insights into proton transfer and tautomerization kinetics. However, they still suffer from certain limitations, including the difficulty of interpreting variations in electronic spectra, the inclusion of pH indicators, and questions about reactive species that may be created by the capacitive discharge. The more recent studies to capture proton transfer dynamics have used ultrafast photo-excitation to induce tautomerization on the excited electronic state (15) (16) (17) (18) (19) (20) . This has proven a fruitful test bed for dynamics, but experiments in roomtemperature aqueous solution would more accurately report on physiological tautomerism. Two-dimensional IR spectra, analogous to 2D NMR, exhibit cross-peak patterns between vibrational modes that provide distinct signatures of molecular structures, although with subpicosecond time resolution (21) . Previously, we have shown that intramolecular couplings between the vibrational modes of aromatic heterocycles result in pronounced 2D IR cross-peaks (22) , and therefore the lactam and lactim tautomers of 2-pyridone derivatives can be differentiated based on the distinct cross-peak patterns from individual species (23) . Our interest is to make use of 2D IR to explore the time scale and mechanism for tautomer exchange. Chemical exchange processes at equilibrium have been characterized through waiting-time 2D IR experiments in which the delay between the excitation and detection pulses is varied (24) . Nevertheless, the time window for these experiments is limited to the vibrational lifetime of the systems, typically a few picoseconds. To circumvent this limitation, one can perform transient 2D IR (t-2D IR) experiments that follow reequilibration after an abrupt perturbation (25) (26) (27) (28) (29) (30) . Our strategy to monitor ground-state reactivity is to perform t-2D IR triggered by a nanosecond T-jump and observe the tautomeric interconversion in real time during the reequilibration. In the following, we report the nanosecond lactam-lactim tautomerization kinetics of pyridone derivatives in deuterated water (D 2 O) and find that tautomerization proceeds through a concerted intramolecular proton transfer facilitated by bridging water molecules. This approach opens up an opportunity to study tautomerization under physiological conditions and provides a platform for experimental validation of electronic structure models that offer an atomistic picture of the barrier-crossing processes.
Results and Discussion
Equilibrium Measurements. Because of its simple structure and similarity to DNA bases, 2-pyridone has drawn considerable interest and is regarded as the prototype molecule to study lactamlactim tautomerization. It is known that in aqueous solution 2-pyridone exists primarily in the lactam form, and the addition of chlorine at the 6-position significantly shifts the tautomeric equilibrium toward the lactim form (14) . The structure, FTIR, and 2D IR spectrum of 6-chloro-2-pyridone at 40°C in D 2 O is shown in Fig. 1 . In an absorptive 2D IR spectrum, peaks appear as a doublet with a positive peak (red) originating from the ground to first excited vibrational state (0-1) transition, and a negative peak (blue) owing to the 1-2 transition. The diagonal features, labeled A1-A4, can be mapped to the corresponding peaks in the linear absorption spectrum, whereas the cross-peaks correlate the vibrational excitation (ω 1 ) and detection (ω 3 ) frequencies, which allow the separation of different chemical species in a mixture, even with significant spectral congestion. Peak A1 is the carbonyl stretch of the lactam form (1a), and peaks A3 and A4 are ring vibrations of the same species, indicated by their pronounced cross-peaks to A1 (23) . Peak A2, which does not have cross-peaks with A1, A3, and A4, arises from the ring vibration of the lactim tautomer (1b), coupled to D 2 O bending motions. These peak assignments are further validated by comparing to the 2D IR spectrum of N-methyl-2-pyridone (2, Fig. 1B ), whose labile proton has been replaced by a methyl group to block tautomerization. The 2D IR spectrum of 2 closely resembles the spectral features of 1a (indicated by the dashed purple lines), except for the extra ring mode and the absolute peak frequencies. Previous 2D IR studies of the lactamlactim tautomerization of 1 were used to determine the equilibrium constant K eq = [1b]/[1a] = 0.53 ± 0.02 at 25°C and found that this value increases with temperature (23).
Transient 2D IR Spectroscopy. We performed T-jump IR experiments using the methods described in refs. 31-33 to probe timedependent changes to the tautomer populations. Briefly, we used 11-mJ pulses at λ = 2 μm from a 20-Hz neodymium-doped yttrium aluminum garnet (Nd:YAG) pumped optical parametric oscillator to excite the O-D stretch overtone of D 2 O, raising the temperature of the solution by 10°within the 5-ns pulse duration. Electronically synchronized femtosecond mid-IR pulse sequences following the T-jump pulse were used to measure the change in a nonlinear signal. We recorded the difference signal relative to a reference spectrum, ΔSðτ; TÞ = Sðτ; TÞ − SðT i Þ, where τ is the time delay between the T-jump and 2D IR pulses and SðT i Þis the equilibrium spectrum measured before the T-jump. Tautomeric interconversion was monitored with t-2D IR and transient heterodyne-detected dispersed vibrational echo (t-HDVE). Transient HDVE was performed with fixing the excitation at 0 fs and the waiting time at 150 fs. The complex-value t-HDVE signal was measured by Fouriertransform spectral interferometry, and its information content is equivalent to the projection of the t-2D IR spectrum onto the detection frequency axis. Although t-2D IR spectra provide the most information on the system, the measurement requires roughly 100 times longer sampling time than t-HDVE. Therefore, we assigned the transient spectral features using full t-2D IR spectra at selected time delays and obtained kinetics from the more finely sampled one-dimensional t-HDVE spectra.
Transient 2D IR and the corresponding t-HDVE spectra of 1 in phosphate-buffered D 2 O at pD (acidity in D 2 O) 7.8 starting from an initial temperature T i = 40°C are displayed in Figs. 2 and 3B, respectively. We use different color maps for the equilibrium and transient spectra to emphasize that t-2D IR spectra are timedependent difference spectra with respect to the equilibrium spectra at T i . A loss of population appears in t-2D IR difference spectra as a negative (blue) peak on the top with a positive (red) peak on the bottom. At 10 ns following the T-jump, a bleach of the C=O stretch of 1a at 1,634 cm −1 is observed (box A1 in Fig. 2A ). Moreover, a gain feature (red above and blue below the diagonal) is identified for peak A2, which is a ring vibrational mode of 1b. These spectral changes indicate the growth of lactim tautomer 1b at the expense of the lactam tautomer 1a. Here a 10°temperature change corresponds to an equilibrium population drop of 1a from 59 to 55%. Both the A1 loss and the A2 gain increase with T-jump delay, as illustrated in Fig. 3A by the integrated peak intensities obtained from the t-2D IR absolute value spectra (Fig. S1 ). We fit both time traces to monoexponential decays with relaxation time constants of 56 ns and 60 ns for 1a and 1b, respectively. The nonstretched exponential behavior and the common time constant provide experimental evidence for two-state tautomerization kinetics and a concerted proton transfer mechanism without a long-lived intermediate state.
The loss of the lactam C=O stretch is also observed in the t-HDVE spectra as a negative difference signal marked by the purple line in Fig. 3B . A single exponential decay with a time constant of 56 ± 9 ns was measured for this T-jump response at T = 40→50°C (Fig. 3C) , which is in excellent agreement with the kinetics obtained from t-2D IR. Considering that t-HDVE can be collected much faster than t-2D IR to allow more accurate kinetic measurements, in the following discussion we used the A1 response from t-HDVE to represent the kinetics of both the loss of 1a and gain of 1b. We note, however, owing to significant spectral congestion in this frequency region, the gain of the lactim tautomer cannot be readily identified in t-HDVE. In contrast to the clear gain feature at ∼1,600 cm −1 observed in the t-2D IR spectra, t-HDVE exhibits only a small positive peak on top of the broad loss features from A1 and A3. The ability to resolve both tautomeric species in t-2D IR spectra demonstrates the increased spectral information content available in 2D IR spectra compared with the equivalent one-dimensional representations.
To verify that the observed response corresponds to tautomerization, and rule out any T-jump artifacts such as cavitation or thermally induced change in dielectric constants (34), we carried out a negative control experiment on 2, whose N1 tautomerization site has been blocked. The t-HDVE time trace of the C=O stretch of 2 is plotted as orange crosses in Fig. 3A (spectra shown in Fig. S2 ). Only a T-jump pulse-width limited baseline shift that results from increased solvent transmission was observed, confirming that the nanosecond exponential relaxation is due to the lactam-lactim tautomerization.
In addition to reporting on the tautomeric interconversion, t-2D IR provides spectral signatures of the solvent environment. In the 10-ns spectrum, positive features (violet arrows in Fig. 2A ) appear on the blue side of the A1 and A3 modes-a sign of a blue-shift of the peak, which suggests weakening or loss of hydrogen bonds (HBs) to 1a (23) . The more complicated line-shapes of the A1/A3 crosspeaks (green arrows) are interpreted as a convolution between the blue-shifts and the population decrease of 1a (Fig. S3 gives more details). At longer T-jump delays, most of the spectral changes are solely due to the tautomeric interconversion, indicating that the solvent HB equilibration is finished by ∼10 ns. Overall, these changes in the t-2D IR spectra are encapsulated in the second spectral component from the singular value decomposition (SVD) analysis of the temperature-dependent equilibrium 2D IR spectra from 10°C to 80°C (Fig. 2D) .
Temperature Dependence. To determine the thermodynamic properties of tautomerization, we monitored the time evolution of A1 from the t-HDVE spectra at different initial temperatures (Fig. 3C) . With increasing temperature, the relaxation rate speeds up and the amplitude of the difference signal increases. First-order kinetics for the two-state exchange leads to an observed relaxation rate of k obs = 1=τ obs = k f + k r , where τ obs is the observed relaxation time constant and k f and k r are the forward and reverse rate constants, respectively. Using the equilibrium constant K eq = ½1b=½1a = k f =k r (23), k f and k r can be determined at each temperature. The temperature dependence of k f and k r (Fig. 3D ) was used to extract the activation barrier E a and preexponential factors A for these reactions (Table 1) . We obtained an activation barrier of 7.4 ± 0.5 kcal/ mol (∼12 k B T) for the lactam-to-lactim tautomerization. This can be compared with the calculated results for the parent molecule 2-pyridone, using density functional theory (DFT) and second-order Møller-Plesset perturbation theory electronic-structure methods by Sonnenberg et al. (10) . The energy barrier was found to be , respectively. The t-2D IR amplitudes have been scaled to be better compared with the t-HDVE traces (the error bars are smaller than the marker size; Fig. S1 ). The solid lines are the single exponential fits. The orange crosses display the t-HDVE time trace for 2 at ω 3 = 1,649 cm −1 at T i = 25°C.
(B) Transient difference spectra derived from the absolute value of the complex value t-HDVE for 1 from 40 to 50°C at selected T-jump delays. (C) Representative t-HDVE time traces at selected T i for the C=O stretch of 1 at ω 3 = 1,634 cm ∼40 kcal/mol in isolation, and further reduced to ∼15 kcal/mol with the addition of one explicit water molecule to mediate the proton transfer. The microsolvation configuration of pyridone used in their calculation is similar to the structure (Fig. S4 ) that gives reasonable agreement between the experimental and calculated IR absorption spectra (23). It is not surprising that the calculated E a for 2-pyridone is higher than the experimental value for 6-chloro-2-pyridone because the chlorine substitution significantly lowers the relative energy of the lactim tautomer. Additionally, it has not been established that a specific computational method can accurately predict the energetics of a tautomeric system. Most importantly, the significant reduction in the activation energy by hydrating water molecules argues strongly for a solventmediated tautomerization mechanism in our experiments.
We stress again that our experiments probe the rare tautomerization events on the ground-electronic state, in contrast to excited-state proton transfer (ESPT). Electronic excitation reduces pK a , reshapes the energy surface, and lowers the tautomerization barrier, thus leading to much faster proton transfer rates than in the ground state (15) . For example, photo-initiated ESPT in 7-azaindole/alcohol complexes occurs within ∼100 ps with negligible barrier (<1 kcal/mol) (17) , and the double-proton transfer in 7-azaindole dimer proceeds with a 1.1-ps time constant (18) .
We also calculated the activation enthalpy and entropy (Table 1 ) using linear fits to the Eyring-Polanyi equation lnðk=TÞ = − ΔH ‡ =RT + ΔS ‡ =R + lnðk B =hÞ. Because the internal entropies of the two tautomeric forms are not expected to differ significantly, the negative ΔS ‡ observed suggests that the transition state involves a well-structured solvation complex, for instance a water wire or ring structure between the solute and the solvating water molecules. Both the small activation barrier and negative activation entropy suggest the presence of bridging water molecules during tautomerization. Solvent Dependence. To explore the involvement of the solvent, we measured the relaxation rates in different EtOD/D 2 O solvent mixtures at T i = 25°C (Fig. S5) . We found that the rate dropped by a factor of 1.8 when the D 2 O volume percentage decreased from 100 to 40%, even though the viscosity of ethanol/water mixtures exhibits a maximum at 0.25 mol fraction of ethanol (35) . This observation suggests that the dense hydrogen-bonding network of water may play an important role in facilitating tautomerization. Even though the exact nature of the solvent effect on tautomerization requires further investigation, our present study is not consistent with tautomerism via intramolecular proton transfer without solvent mediation, which has been observed for protonated uracil in the gas phase (36) and suggested for glycine using NMR relaxation methods (37).
2-Chloro-4-Pyridone. Several tautomerization mechanisms have been proposed. For example, intermolecular double-proton tunneling has been suggested for the spontaneous formation of enol tautomers in Watson-Crick base pairs (38) and has been observed for imidazole and pyrazole in nonaqueous solvents at −100°C (39) . We precluded the possibility of dimer formation in water because both the FTIR spectra (23) and T-jump relaxation rates (Fig. S6) were found to be concentration-independent. Alternatively, intramolecular proton transfer with water participation can proceed via a concerted (Fig. 4A) or a stepwise (Fig. 4B) mechanism. The stepwise mechanism, also referred to as "dissociative" mechanism, involves an ionic intermediate in which the nitrogen proton becomes solvated. The excess proton can then diffuse or undergo an undirected Grothuss transport to the proton acceptor site. However, proton transfer by concerted tautomerization mostly likely proceeds as a Grothuss transfer with the assistance of a water bridge.
Diffusive proton transfer or direct intramolecular tunneling should be strongly influenced by changes in proximity between proton acceptor and donor sites. We tested this by measuring the T-jump relaxation rates for 2-chloro-4-pyridone (3a, structure shown in Fig. 5B) , in which the carbonyl and N-D groups are in the para position-as opposed to ortho position in 1a. Temperaturedependent FTIR of 3 at pD = 7.8 (Fig. 5A) shows that the C=O intensity at 1,626 cm −1 decreases whereas the 1,581-cm −1 peak increases with temperature. The equilibrium 2D IR spectrum of 3 ( Fig. 5C ) reveals that these two peaks are from two separate species, which we attribute to the lactam and lactim tautomers based on DFT calculations and the similarities to the spectra of 1. We obtained the T-jump relaxation rates through the loss of the C=O peak measured with the t-HDVE spectra (Fig. S7) . The relaxation time constant measured under the same conditions (pD = 7.8, T i = 40°C) for 3 was 49 ± 13 ns, which is slightly faster than that of 1. We calculated the activation thermodynamic parameters using the temperature dependence of the relaxation rates ( Fig. 5D and Table 1 ) and found that they are within 2 kcal/ mol of those of 1. The similar kinetics of 1 and 3 exclude the possibility of intramolecular tunneling because the distance Table 1 
Molecule
Reaction k, 10 6 s
7.4 ± 0.5 6.7 ± 0.5 −6.4 ± 0. between proton donor and acceptors sites of 3 is too large for efficient tunneling. The similarity of proton transfer kinetics between 1 and 3 indicates that aqueous proton migration does not limit the efficiency of the tautomer exchange. We note that using the proton diffusion coefficient in water of 8 × 10 , the time for a proton to sample a rms distance equal to the proton donoracceptor site distance for 1 and 3 is 1.2 ps and 5.4 ps, respectively. This indicates that a released proton has sufficient time to diffuse to the proton acceptor site in either case, and that the ion pair is a short-lived metastable intermediate. The degree to which diffusion and proton delocalization along a water wire are involved remains to be determine, but our results show that the rate-limiting step is the release of the proton from the substrate to water. The slightly faster tautomerization rate for 3 is the result of its smaller pK a , 7.26 (14) compared to 7.91 for 1a (Fig. S8) . Dissociation of covalently bound protons into a fluctuating and strongly hydrogenbonded aqueous environment can be rationalized in terms of preorganization of the hydrogen-bonded water to accept the proton. However, in physical terms, transfer to solvent likely involves rare polarization fluctuations that align the electric fields of the surrounding water so that it distorts the proton potential into a dissociative state.
pD Dependence. To gain insights into the acid-and base-catalyzed tautomerization mechanism, we examined the pD dependence of the T-jump relaxation rate of 1 at T i = 25°C, illustrated in Fig. 6 .
We describe the variation of T-jump relaxation rate using the following expression (12) :
where . Clearly, near neutral pD, k 0 dominates over by more than three orders of magnitude. In general, tautomerization via an "intramolecular dissociative" mechanism ( Fig. 4B ) near neutral pH is catalyzed by water molecules to form cationic or anionic intermediates. In such cases, the pH-independent rate constant k 0 has been estimated to be ∼10 2 -10 3 s −1 (14, 40) . However, k 0 determined here greatly exceeds such a typical value and therefore further supports a concerted or "nondissociative" mechanism shown in Fig. 4A . The large value is not entirely surprising, because Chang and Grunwald have reported a value of k 0 = 1.1 × 10 8 s −1 for the uracil N1H and N3H proton transfer using dynamic NMR (41) , and concluded that the mechanism must be nondissociative. The concerted mechanism supported by the weak pD dependence is consistent with the observation that the lactam and lactim peaks in the t-2D IR spectra follow the same single exponential kinetics (Fig. 3A) . We should note that Fig. 4A represents the simplistic picture of the concerted mechanism with one water molecule. A short-lived transition state with a negative charge delocalized across the N-C-O bonds, although possible, cannot be detected with our experiments. Moreover, weak dependence on proton concentration also argues against physical diffusion of the proton from donor to acceptor site, and in favor of a Grotthuss proton hopping mechanism facilitated by water wires (i.e., some degree of hydrogen bonding connectivity between sites).
Under very acidic conditions, the reaction rate is governed by the k D + ½D + term, and the increased rate is explained by the widely studied acid-catalyzed mechanism by D + , which involves the protonation of the substrate. Although few data points were measured beyond neutrality to ensure the fitting results, the obtained recombination rate constant with D + is consistent with previously reported values k D + ∼10
10

-10
11 M −1 ·s −1 (42) .
Comparison with Prior Results. Finally, we wish to address the pioneering work by Dubois and coworkers, who used a Joule-heating T-jump apparatus with a UV spectrometer to study tautomerization over 35 y ago (14, 43) . Our experiments showed tautomerization kinetics that are three orders of magnitude faster than those reported by the Dubois group. They found that the relaxation time for 1 is about 10-20 μs at final temperature (T f ) = 10°C, and that the tautomerization of 3 is six times slower (14, 43) . Nonetheless, they also observed a large k 0 contribution near neutral pH, and concluded that tautomerization occurs via a nondissociative mechanism. Given the striking differences between our experimental observations, we performed the control experiments described above and in SI 4. UV-Visible Absorption Spectra and Fig. S9 to validate our conclusions. Given that our results are internally selfconsistent, and yet so different from those of Dubois and coworkers, our only remaining explanation is that experimental differences may play a role in the findings. We note that in the early experiments the time resolution was limited to 5 μs, and that a significant submicrosecond response was observed preceding the reported microsecond kinetics. Additionally, we point out that the T-jump triggering methods used in these two studies were different. It is possible that a T-jump method based on capacitor discharge autoionizes water and creates a reactive species, which interferes with the ability to characterize the tautomerism of the substrate unambiguously. Clearly such questions can only be answered definitively by performing experiments with varying T-jump triggering methods. We end by noting that our optical T-jump method creates a small perturbation of the system compared with a capacitive discharge and that 2D IR spectroscopy offers substantive structural information and direct probing of the molecules of interest.
Conclusion
In conclusion, we have used the T-jump transient 2D IR spectroscopy to provide an in-depth characterization of the ground-state lactam-lactim tautomerization of pyridone derivatives in aqueous solution under ambient conditions. Using the distinctive cross-peak patterns, we can clearly distinguish the tautomeric forms. We track the time evolution of the lactam carbonyl peak following the T-jump to obtain the kinetics and calculate the activation thermodynamic variables. The concentration independence of the T-jump relaxation rate rules out the tautomerization mechanism via dimerization. The time constants of the single exponential t-2D IR signals of the lactam loss and lactim gain are nearly identical, indicating that the tautomerization proceeds through a two-state, concerted mechanism without a long-lived intermediate species.
The comparison between the two pyridone derivatives, the solvent dependence, and the pD dependence preclude intramolecular tunneling and strongly support proton transfer in water wires following a Grotthuss mechanism. We concluded that tautomerization of pyridone derivatives in water proceeds via the two-state concerted, and nondissociative, mechanism and that the rate-limiting step is the release of proton into the solvating water environment.
Materials and Methods
Chemicals were purchased from Sigma-Aldrich and dissolved in phosphate buffer in D 2 O. The pD was adjusted with DCl and NaOD. Samples were filtered with an ultrafiltration tube to reduce scatter and the propensity of T-jump cavitation effects (34) . Two-dimensional IR spectroscopy experiments were performed following procedures described in detail in Supporting Information and refs. 31 and 33.
